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Abstract: Highly pathogenic avian inﬂuenza (HPAI) H5N1 virus persists in Asia, posing a threat to poultry,
wild birds, and humans. Previous work in Southeast Asia demonstrated that HPAI H5N1 risk is related to
domestic ducks and people. Other studies discussed the role of migratory birds in the long distance spread of
HPAI H5N1. However, the interplay between local persistence and long-distance dispersal has never been
studied. We expand previous geospatial risk analysis to include South and Southeast Asia, and integrate the
analysis with migration data of satellite-tracked wild waterfowl along the Central Asia ﬂyway. We ﬁnd that the
population of domestic duck is the main factor delineating areas at risk of HPAI H5N1 spread in domestic
poultry in South Asia, and that other risk factors, such as human population and chicken density, are
associated with HPAI H5N1 risk within those areas. We also ﬁnd that satellite tracked birds (Ruddy Shelduck
and two Bar-headed Geese) reveal a direct spatio-temporal link between the HPAI H5N1 hot-spots identiﬁed
in India and Bangladesh through our risk model, and the wild bird outbreaks in May–June–July 2009 in China
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 2011 The Author(s). This article is published with open access at Springerlink.com(Qinghai Lake), Mongolia, and Russia. This suggests that the continental-scale dynamics of HPAI H5N1 are
structured as a number of persistence areas delineated by domestic ducks, connected by rare transmission
through migratory waterfowl.
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INTRODUCTION
Since 2003, highly pathogenic avian inﬂuenza (HPAI)
H5N1 has caused outbreaks in poultry and wild birds
across Asia, Europe, and Africa, and persisted over several
years in many countries (Liu et al., 2005; Alexander, 2007).
Compared to epizootics caused by other subtypes, HPAI
H5N1 showed a capacity to spread on continental and
subcontinental scales. The success of the HPAI H5N1 virus,
when compared to other HPAI subtypes, may result from
its capacity to persist and evolve in localized areas (Li et al.,
2004) and to be transmitted over long distances.
Several conditions that promote long-term, local per-
sistence have been identiﬁed. First, controlling HPAI H5N1
virusisdifﬁcultinthepresenceofmillionsofdomesticducks
inrurallandscapes.Domesticducksshowfewerclinicalsigns
of disease than chickens, and can shed virus up to 17 days
(Hulse-Post et al., 2005). Vaccination-based control strate-
gies are difﬁcult to implement in ducks because they have
longer production cycles and lower vaccine efﬁciency
(compared to chickens), requiring repeated injections
throughouttheanimal’s life(Tianetal.,2005).Second,poor
veterinary services and low bio-security measures in farms,
wet markets, and along market chains are other important
factors contributing to HPAI H5N1 virus persistence in
South Asia (Sims, 2007). Third, even in the absence of those
conditions, new introduction from endemically infected
countries through regular poultry trade (Gauthier-Clerc
et al., 2007), smuggling (Van Borm et al., 2005), contami-
nated fomites (Yamamoto et al., 2008), or migratory birds
contributes to HPAI H5N1 reintroduction and persistence
(Ducatez et al., 2006; Starick et al., 2008; Globig et al., 2009).
Another unique feature of HPAI H5N1 virus is the
spill-over from domestic poultry to wild birds. HPAI H5N1
can be highly pathogenic to many wild bird species, for
example, wild bird outbreaks in Qinghai Lake, China in
May 2005 (Chen et al., 2005; Liu et al., 2005), and it can
also cause subclinical infections in others (Keawcharoen
et al., 2008). Several ﬁeld studies have looked at detailed
migration patterns (Gaidet et al., 2008; Yamaguchi et al.,
2008; Prosser et al., 2009; Takekawa et al., 2010), and
experimental infection studies have examined the clinical
impact and asymptomatic shedding of HPAI H5N1 for a
range of species (Brown et al., 2008; Keawcharoen et al.,
2008; Kwon and Swayne, 2008), which supported the
hypothesis that wild waterfowl may be involved in long-
distance transmission of the virus (Kalthoff et al., 2008).
A hypothesis is that the global persistence of HPAI
H5N1 results from the interplay between the high capacity
to persist in domestic poultry in localized areas and spo-
radic long-distance introduction events through migratory
birds. To date, this hypothesis has never been presented
with supporting and integrated empirical data. Here, we
studied those two processes, i.e., persistence and long-dis-
tance spread, using two approaches: (1) quantifying and
mapping HPAI H5N1 risks in South Asia (India, Bangla-
desh, and Myanmar) and Southeast Asia (Thailand, Cam-
bodia, Laos, and Vietnam); and (2) tracking wild bird
migration from regions identiﬁed at risk in South Asia
through western China to Mongolia and Russia (Central
Asia ﬂyway) by satellite telemetry.
MATERIALS AND METHODS
Ethics Statement
Bird capture and marking was conducted under the U.S.
Geological Survey (USGS) Western Ecological and Patux-
ent Wildlife Research Center’s Animal Care and Use
Committee Review.
Epidemiological Data
All data on HPAI H5N1 outbreaks were extracted from the
EMPRES-I database maintained by the Food and Agricul-
ture Organization of the United Nations, except data on
HPAI H5N1 outbreaks prior to December 2005 in Thailand
and Vietnam that originated from the Thailand Department
of Livestock Development (DLD, Bangkok, Thailand) and
the Vietnam Department of Animal Health (DAH, Hanoi,
Vietnam), respectively. Table S1 presents the sources of
poultrydatausedintheregiontoderivethelayersofchicken
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from the GRUMP database (CIESIN et al., 2005). Data on
average cropping intensity were derived from annual maps
of cropping intensity and paddy rice agriculture, at 500-m
spatial resolution, in 2005 using satellite images from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
onboardtheNASA Terraplatform(BiradarandXiao,2010).
Elevation data was obtained from the GTOPO30 database
(LDAAC, 2004). All data were resampled or aggregated at a
spatial resolution of 0.04166decimaldegrees (0.041666 dd is
approximately 5 km at equator). HPAI H5N1 outbreak data
were converted into presence or absence in each pixel, ani-
mal and human density data were converted into a number
per pixel, and the original 500-m resolution cropping
intensity data were aggregated by computing the mean
number of cropping season in each 0.04166 dd pixel. Out-
breakdatafromThailandandVietnamwereallgeolocatedat
thesubdistrictandcommunelevel,respectively(mediansize
16 km
2). In the other countries, a proportion of the out-
breakswerelocatedinEMPRES-Iatthevillagelocationlevel,
and a fraction was geolocated at the administrative level 3
level. The fraction of allocation to an exact location repre-
sented 44%, 100%, 87%, 77%, and 100% for Bangladesh,
Cambodia, India, Laos, and Myanmar, respectively.
Wildbird Capture and Satellite Telemetry
Captures of wild waterfowl were made with monoﬁlament
nooses, or by herding birds into corrals during wing molt,
when many waterfowl are ﬂightless. We ﬁt birds with solar-
powered Platform Terminal Transmitters (PTTs; Micro-
wave Telemetry Inc., Columbia, MD). The transmitters
weighed 9.5–45 g, and some were equipped with internal
GPS receivers, solar panels, temperature and voltage sen-
sors, and external antennas. Transmitters were attached
dorsally with Teﬂon ribbon (Bally Ribbon Mills, Bally, PA)
tied with knots secured by super glue (Henkel Loctite
Corp., Rocky Hill, CT).
In Qinghai Lake, China, we marked 14 pre-breeding
Bar-headed Geese (Anser indicus) in March–April 2007,
and 12 postbreeding Ruddy Shelducks (Tadorna ferruginea)
in September 2007 (before fall migration starts). We also
marked 15 Bar-headed Geese and 4 Ruddy Shelducks in
spring 2008 and 10 Ruddy Shelducks in fall 2008. We used
30 g and 45 g backpack GPS Argos solar transmitters
(Microwave Telemetry, Inc.). Bar-headed Geese and Ruddy
Shelducks were selected for marking, because these species
comprised the largest numbers of waterfowl that died in the
2005 outbreak at Qinghai Lake. Tracheal and cloacal swab
samples were taken for each bird and stored at 4C before
being frozen in liquid nitrogen (maximum 3 hours post-
collection) to test for inﬂuenza A. All the 55 birds appeared
healthy, showing no symptoms of inﬂuenza. Twenty-two of
29 marked Bar-headed Geese and 24 of 26 marked Ruddy
Shelduck were sampled for avian inﬂuenza virus (cloacal
and tracheal swabs, blood serology) following standard
procedures (FAO, 2007). Virology analyses, conducted by
the Chinese Academy of Sciences, Wuhan Institute of
Virology, included: (1) type A inﬂuenza with an ELISA test
(Optical Density 630 above 0.23 as positive); (2) H5 sub-
type with RT-PCR (Fouchier et al., 2000); and (3) H5, H7,
H9, and H10 antibodies with hemagglutinin inhibition
(OIE, 2004). One of the samples was positive for inﬂuenza
A virus through ELISA, and none were positives by RT-
PCR.
In India, 15 Bar-headed Geese, 4 Ruddy Shelducks, and
41 individuals of other 8 duck species were marked at
Chilika Lagoon and Koonthankulum Reserves during
December 2008 and January 2009. All the 61 birds marked
with satellite transmitters in India have tested negative
through RT-PCR for the H5N1 virus, using a similar
sampling procedure as the birds marked in China.
Transmitters were programmed to collect GPS loca-
tions at 2-hour intervals throughout the 24-hour day, and
transmit signals to Argos satellites every 65 seconds for an
8-hour on-cycle, followed by a 48-hour off-cycle to facili-
tate solar recharging. Data were recovered from the Argos
Data Collection and Location System (CLS America Inc.,
Largo, MD) via receivers aboard polar-orbiting weather
satellites. CLS calculated PTT location estimates that were
derived from the perceived Doppler-effect shifts in trans-
mission frequency during a satellite overpass. The accuracy
of each location was rated by class. Class G locations
indicated that the position was a GPS location with mean
accuracy ± 18.5 m. Conventional Argos location classes 0,
1, 2, and 3 indicated the location was derived from  4
transmissions, with 1-sigma accuracy >1000 m, 350–
1000 m, 150–350 m, and  150 m, respectively. Location
classes A (3 transmissions) and B (2 transmissions) are not
assigned accuracy estimates by CLS, and location class Z
indicates that no locations were obtained.
WecompiledandvalidatedourDoppler-derivedlocation
data using the Argos Filter Algorithm (D. Douglas, Version
7.03, http://alaska.usgs.gov/science/biology/spatial/). The ﬁl-
tering algorithm ﬂags improbable locations based on
user-deﬁned distance and velocity thresholds. We used the
450 Marius Gilbert et al.algorithm to compile two datasets for analysis. The ﬁrst
dataset included one location per duty cycle, based on the
highest-accuracy location class. Quality of signals was judged
ﬁrst on the basis of location class (G > 3 >
2 > 1 > 0 > A > B), and then by indices of residual fre-
quency error. Our primary interest for compiling a dataset
with one location per duty cycle was to evaluate broad-scale
migration routes and movement chronology. For ﬁner scale
spatial analyses, we constructed a comprehensive dataset that
included all GPS locations and Argos readings of class 1 or
better.
Analysis
We used an autologistic multiple regression model to
analyze the relationship between HPAI H5N1 presence and
the sets of predictors (Gilbert et al., 2008). This method was
chosen so that our results could be compared with previous
work carried out in Southeast Asia (Gilbert et al., 2008).
The autologistic approach adds an autoregressive term to
the standard multiple logistic regression to account for
spatial autocorrelation in the response variable (Augustin
et al., 1996). In addition, low prevalence values for the
response variable (<10%) tend to bias multiple logistic
regression performance metrics (McPherson et al., 2004).
For each model, we selected all HPAI H5N1 outbreak
present pixels in addition to nine randomly selected neg-
ative pixels, and bootstrapped this operation 250 times so
that the obtained model parameters and performance
metrics would not depend on a particular set of negatives.
For each model, and each set of negatives, we estimated the
coefﬁcient of each variable and their corresponding odd-
ratio, the v
2 resulting from log-likelihood ratio tests be-
tween the full model and a model with each variable re-
moved. As indicators of goodness-of-ﬁt, we estimated the
area under the curve (AUC) of the receiver-operating
characteristic (ROC) plots, Cohen’s Kappa index (Cohen,
1960) with a threshold probability of 0.9 to be classiﬁed as
positive, and the correlation coefﬁcient between observed
presence/absence and ﬁtted values (Elith et al., 2006).
Although the use of AUC as a single measure of goodness-
of-ﬁt in distribution modeling has been recently questioned
(Lobo et al., 2008), it was used in this study because we
needed to be able to compare the accuracy of models based
on very different prevalence in the training set. It should,
however, be interpreted cautiously, as we compare it for
analyses over different extents. We then averaged these
estimates over the 250 bootstraps. The autologistic
approach allows obtaining unbiased estimates of each
model variable coefﬁcient and signiﬁcance, but it tends to
artiﬁcially inﬂate the autologistic model performance
metrics index because it incorporates information on the
neighboring sites in the same data set. Therefore, the
individual variable coefﬁcient and log-likelihood ratio tests
were estimated based on an autologistic model, while the
AUC, Kappa, and correlation coefﬁcient were estimated
based on the same model without the autoregressive term.
RESULTS
The ﬁrst occurrence of HPAI H5N1 outbreak in South Asia
was reported in India in early 2006 (Dubey et al., 2009)i n
the western part of the country and was quickly contained
(Fig. 1a). In 2007, H5N1 outbreaks were reported in Ban-
gladesh (n outbreaks = 69) and in surrounding India states
(n = 4), and the virus reoccurred in those two regions in
2008 (n = 288) and in May 2009 (n = 38). Our previous
studies of HPAI H5N1 risk in Southeast Asia showed that
domestic duck density, cropping intensity, human popu-
lation, and chicken density were important risk factors
(Gilbert et al., 2008). When applied to South Asia, the
previous risk model correctly predicted high risk in Ban-
gladesh but tended to over-predict areas at risk in India (see
Fig. S1B). In Southeast Asia, cropping intensity was heavily
weighted in the model because it is a good indicator of
domestic duck distribution. A strong association between
duck, paddy rice, and double cropping occurs in Southeast
Asia (Gilbert et al., 2007), and an identical association is
apparent in Bangladesh and surrounding regions of
northeastern India (Hossain et al., 2005). However, crop-
ping intensity does not closely relate to duck distribution in
other parts of India where vegetarian diets dominate (see
Fig. S1), and hence, cropping intensity has a comparatively
lower importance as a risk indicator. What remained was
that the distribution of domestic ducks, one of the most
important risk factors in the Southeast Asia Model, ap-
peared to match the distribution of HPAI H5N1 outbreak
cases in Bangladesh and India (Fig. 1a,b). Exploratory
analysis showed that incremental increases in duck density
were consistently associated with incremental HPAI H5N1
risk in Southeast Asia, but HPAI H5N1 risk quickly reaches
a plateau as duck density increases in South Asia (Fig. S2).
This prompted the development of a new model where the
effect of risk factors was considered separately for regions
where duck farming was present at relatively high densities
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2), and for regions where it was considered
low or absent ( 20 ducks/km
2). Two spatial epidemio-
logical models were developed: one with combined H5N1
outbreak data from India, Bangladesh, Myanmar, Thailand,
Cambodia, Laos, and Vietnam (South and Southeast Asia
Model), and a second one using only data from India,
Bangladesh, and Myanmar (South Asia Model).
The South and Southeast Asia Model showed a very
good capacity to discriminate HPAI H5N1 presence and
absence over all seven countries (Table 1), and highly sig-
niﬁcant risk factors included chicken density, duck density,
human population density, and high versus low duck
farming areas (Table 2). Four distinct subregions at risk of
HPAI H5N1 were identiﬁed (Fig. 1c): Bangladesh and
northeastern India, southern Myanmar, the central plain of
Thailand, and the Mekong and Red River Deltas in Viet-
nam. The South Asia Model compares well to the com-
bined model except that the continuous variable of duck
density was no longer identiﬁed as a signiﬁcant risk factor.
However, duck versus no-duck farming remained a highly
signiﬁcant factor (Table 2), and details of model parame-
ters (see Table S2) showed that chicken density in South
Asia was a signiﬁcant risk factor only when duck farming
was present at relatively high densities (>20 ducks /km
2;
signiﬁcant interaction term). The distribution of HPAI
H5N1 predicted by the second model is concentrated in
Bangladesh and northeastern India, the Mekong and Red
River Deltas in Vietnam, and to a lesser extent in the central
plain of Thailand and in Myanmar.
The wild waterfowl marked with satellite transmitters
along the Central Asia ﬂyway began their spring migration
in March, and converged at the Qinghai Lake region in
Fig. 1. Distribution of outbreaks, duck density, and HPAI H5N1
presence probability predicted by two risk models. a: Distribution of
HPAI H5N1 virus outbreaks in Bangladesh, India, Myanmar,
Thailand, Cambodia, Laos, and Vietnam (data for Thailand and
Vietnam differentiate records from the second wave [in blue]f r o m
records that took place afterward [in red]). b: Distribution of
domestic duck density (heads/km
2). c, d: Predicted probability of
HPAI H5N1 virus presence by the South and Southeast Asia Model,
and the South Asia Model, respectively.
452 Marius Gilbert et al.April–May with several birds continuing north to Mongolia
(Fig. 2a). Among the birds that had been marked, two Bar-
headed Geese and one Ruddy Shelduck spent time in
Bangladesh in the ‘‘hot-spot’’ (high risk) areas identiﬁed by
our risk model during the timeframe when several HPAI
H5N1 outbreaks in poultry were reported (Fig. 2b,c).
The Ruddy Shelduck spent more than 7 weeks, be-
tween February 16 and April 7, in the area predicted as
highest risk for HPAI H5N1 presence by our risk model
(Fig. 2c), at a distance <20 km from an HPAI H5N1
poultry outbreak reported on March 13, 2009. The
migration route of two Bar-headed Geese passed near the
poultry outbreak locations, but in this case, the HPAI
H5N1 poultry outbreaks were reported 9 and 16 days after
the birds’ presence. These three birds then undertook their
northward migration toward Qinghai Lake (Fig. 2d). The
Ruddy Shelduck arrived after 3 days at the Qinghai Lake
region of China on April 9, 2009 (Fig. S3). The short
duration of its migration in comparison to the duration of
excretion reported in experimentally infected ducks (Brown
et al., 2008; Latorre-Margalef et al., 2009) would allow for
introduction of the virus from Bangladesh to China. A
month later in May 2009, a new outbreak of HPAI H5N1 in
wild birds was reported in the Qinghai Lake area of China.
In comparison with the Ruddy Shelduck, the two Bar-
headed Geese took a much longer period (39–50 days) to
Table 1. Mean Area Under Curve (AUC), Cohen’s Kappa (j), and Correlation Coefﬁcient (r) of 250 Bootstrapped Autologistic
Regression Models (the South and Southeast Asia Model, and the South Asia Model), when applied to all countries, India and Bangladesh,
Thailand and Vietnam
a
Model All countries India and Bangladesh Thailand and Vietnam
b Thailand and Vietnam
c
South and Southeast Asia AUC 0.924 ± 0.003 0.916 ± 0.011 0.837 ± 0.006 0.861 ± 0.010
j 0.413 ± 0.005 0.223 ± 0.012 0.358 ± 0.014 0.341 ± 0.023
r 0.620 ± 0.006 0.398 ± 0.018 0.578 ± 0.011 0.608 ± 0.016
South Asia AUC 0.872 ± 0.012 0.935 ± 0.009 0.804 ± 0.012 0.858 ± 0.011
j 0.387 ± 0.017 0.382 ± 0.016 0.305 ± 0.022 0.536 ± 0.027
r 0.423 ± 0.012 0.504 ± 0.022 0.375 ± 0.012 0.564 ± 0.023
aModels average coefﬁcients are presented in Table S1.
bEstimated using HPAI H5N1 records from July 2004–2005.
cEstimated using HPAI H5N1 records from 2006–present.
Table 2. Mean v
2 resulting from log-likelihood ratio tests applied to 250 bootstrapped autologistic regression models upon removal of
each variable, presented for the South and Southeast Asia Model and for the South Asia Model, respectively
a
Term dropped v
2 df P Signiﬁcance
b
South and Southeast Asia Model
Chicken density (Log10) 35.706 ± 9.414 2 <0.001 ***
Duck density (Log10) 50.756 ± 12.851 2 <0.001 ***
Human population density (Log10) 15.245 ± 4.252 2 <0.001 ***
No. of crop cycles 6.760 ± 4.018 2 0.0341 *
Presence of duck farming (>20 ducks/km
2) 224.336 ± 33.287 6 <0.001 ***
South Asia Model
Chicken density (Log10) 18.707 ± 8.576 2 <0.001 ***
Duck density (Log10) 2.836 ± 3.025 2 0.2422 ns
Human population density (Log10) 56.829 ± 11.340 2 <0.001 ***
No. of crop cycles 6.464 ± 4.331 2 0.0395 *
Presence of duck farming (>20 ducks/km
2) 56.280 ± 15.023 6 <0.001 ***
aModels average coefﬁcients are presented in Table S2.
b* signiﬁcant, *** very highly signiﬁcant, ns nonsigniﬁcant.
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Qinghai Lake area of China.
We summarized wild bird outbreaks reported in
the OIE database from 2005–2009 in the region (Table S3;
http://www.oie.int/downld/AVIAN%20INFLUENZA/A2009_
AI.php). The pattern of outbreaks was very similar in 2005
and 2009, spreading from southern poultry farming areas
in South Asia to areas with little poultry in the northern
Central Asia ﬂyway in China, Mongolia, and then Siberia.
On July 27, 2009, an HPAI H5N1 wild bird outbreak was
reported at Doroo Lake (Doroo nuur), a freshwater lake in
central Mongolia. Thirty birds including Bar-headed Geese,
Ruddy Shelduck, Whooper Swan (Cynus cygnus), Common
Goldeneye (Bucephala clangula), and Mongolian Gulls
(Larus vegae mongolicus) were found sick or dead. Two of
the mortalities included Bar-headed Geese captured and
banded by our research team in July 2008 at Terkhiin
Tsagaan Lake, located 150 km to the southwest. Samples
were taken, analyzed, and compared to previous ones cir-
culating in Asia (Kang et al., 2010; Sakoda et al., 2010), but
unfortunately the comparison did not include any isolates
from South Asia.
Fig. 2. Movements of satellite-tracked wild waterfowl along the
Central Asia ﬂyway, and in India and Bangladesh. a: Distribution of
all satellite-tracked wild waterfowl along the Central Asia ﬂyways in
2009 color-coded by month (1 marks the region displayed in panel b,
and 2 marks the Qinghai Lake region, China; credit to FAO–USGS
Avian Inﬂuenza Program). b: Distribution of satellite-tracked wild
waterfowl (open squares) and HPAI H5N1 virus outbreaks (open
triangles) in northeastern India and Bangladesh in 2009, color-coded
by month. Two points of coexistence of wild waterfowl and HPAI
H5N1 outbreaks are indicated by the arrows, the black rectangle
(labeled as 3) marks the region displayed in panel c. c: Same as panel
b, with different color coding (g r e e n ,y e l l o w ,o r a n g e ,r e d ,b r o w n ,b l u e
for March 1–4, 5–9, 10–14, 15–19, 20–24, 25–31, respectively). d:
Movement recorded for a Ruddy Shelduck and two Bar-headed
Geese from March to June 2009 (1 marks the region displayed in
panel b,a n d2m a r k st h eQ i n g h a iL a k er e g i o n ,C h i n a ) .Background
color in panels b and c presents the distribution of HPAI H5N1
presence probability predicted by the South Asia Model, with the
same legend as in Figure 1ca n dd .
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Our results reveal a direct spatio-temporal link between
areas identiﬁed at highest HPAI H5N1 risk in India and
Bangladesh, in March 2009, and the wild bird outbreaks, in
May through July 2009, in China (Qinghai Lake region),
Mongolia, and Russia.
The spatial prediction of HPAI H5N1 risk was com-
paratively less strongly related to duck density in South
Asia than it was in Southeast Asia. A strong association
between duck and rice farming is observed in Southeast
Asia (Gilbert et al., 2007), and an identical association is
apparently found in Bangladesh and surrounding regions
of northeastern India (Hossain et al., 2005). However, the
production systems may differ. Duck and poultry pro-
duction in Bangladesh is ubiquitous, and most small
farmers keep ducks under a family subsistence level of
management (Das et al., 2008). In contrast, duck produc-
tion is far more intensiﬁed in terms of ﬂock size, move-
ments, and trade in Thailand and Vietnam, with some
ﬂocks being moved over 100-km by trucks (Songserm et al.,
2006). Duck movement and active trade of products may
have contributed to regional HPAI H5N1 spread in
Southeast Asia (Thailand and Vietnam) during the ﬁrst two
waves of epidemics, which would explain the higher sta-
tistical relationship between duck density and HPAI H5N1
presence as compared to South Asia. The South Asia Model
provided highest predictive capacity for India and Ban-
gladesh (Table 1 and Fig. 1d), but also performed well on
the Thailand and Vietnam 2006 outbreaks (Table 1 and
Fig. 1; compare red dots in Fig. 1a to predicted risk in
Fig. 1d), a period when Thailand focused on active sur-
veillance, pre-movement testing, and restricted movements
of free-grazing ducks, while Vietnam implemented massive
vaccination in chicken and duck populations. We propose
that domestic ducks merely act as a reservoir of HPAI
H5N1 in South Asia and are less implicated in spread,
compared to in Southeast Asia prior to control targeted on
ducks. This may explain why a minimal density of domestic
ducks is required for persistence, but that their abundance
does not proportionally relate to HPAI H5N1 risk.
In this study, we used an autologistic regression ap-
proach to compare the analysis of Bangladesh and India
data to previously published similar models based on
Thailand and Vietnam data. Alternative approaches have
been used to model the distribution of HPAI H5N1 in
other regions (Williams et al., 2008), and distribution
modeling can be achieved through many different statistical
techniques (Elith et al., 2006). In particular, the logistic
regression framework has its limitations for modeling
nonlinearity of effect of the continuous-scale risk factors on
the logit form of the outcome variable. Alternative methods
such as boosted regression trees (Elith et al., 2008)o f
maximum entropy models should be considered in future
research.
Three of the GPS-marked birds stayed for extended
periods of time in, or close to, areas of high HPAI H5N1
risk in South Asia, one of them staying at a distance
<20 km from a documented concurrent HPAI H5N1
outbreak, prior to undertaking their northward migration,
which included stopping over in Qinghai Lake, China. We
could not document that these three birds spread HPAI
H5N1 from Bangladesh to Qinghai Lake area. In addition,
one should note that the bird that stayed closest to a
documented HPAI H5N1 outbreak was a Ruddy Shelduck.
Recent inoculation experiments carried out on that species
resulted in 100% mortality, with birds surviving in rather
poor physical conditions, though shedding virus for several
days (Kwon et al., 2010). In addition, Kwon et al. (2010)
failed to detect H5N1 in a noninoculated Ruddy Shelduck
that was in contact with other ones inoculated with HPAI
H5N1. So, the available evidence suggests that it is quite
unlikely that an HPAI H5N1-infected Ruddy Shelduck
could have migrated over such long distances and trans-
mitted the disease to conspeciﬁcs. However, daily regional
movements for these species may be >100 km per day.
GPS-equipped birds represent a tiny fraction of the
waterfowl population; we postulate that these birds are
indicative of hundreds to thousands of migratory birds that
could have been in contact with outbreak sites when
poultry outbreaks were taking place in Bangladesh, and
could have spread the virus along their northward migra-
tion to Qinghai Lake of China and into Mongolia and
Russia. On July 27, 2009, an outbreak documented in wild
birds at Doroo Lake in central Mongolia, where there are
no poultry, was attributed to H5N1, including two Bar-
headed Geese marked by our team during the previous
year. Furthermore, other waterfowl, including several duck
species not studied here, migrate through these regions and
may have distinct movement patterns and chronology.
Species with different routes and timing may provide more
opportunity than we have indicated for exchange of virus
among birds or by fecal–oral transmission in wetlands used
during migration.
Flying Over an HPAI H5N1 Infected Landscape 455Three conditions would have been necessary to allow
this to happen. First, birds would need to be infected
shortly before their departure so to arrive at a time when
they were still shedding virus; second, exposed and infected
birds must have maintained their ability to migrate. Third,
other susceptible birds must be present when infected birds
arrive at the Qinghai region or Mongolia. The ﬁrst and
third conditions are both plausible: Our results indicate
that many birds could have departed from a high HPAI
H5N1 risk area in Bangladesh or India at the time of
concurrent outbreaks, some of which may have been in-
fected. Upon arrival in Qinghai Lake or Mongolia, trans-
mission to other birds would have been facilitated by the
high densities and aggregation of birds, and the relatively
cold temperatures that favor persistence of the virus in the
environment (Brown et al., 2007; Rohani et al., 2009). With
regard to migration capacity, recent inoculation experi-
ments of wild waterfowls with HPAI H5N1 virus indicate a
high variability in the pathobiology of infections (Kwon
et al., 2010), depending on species. Only a limited number
of species have been tested so far, and more detailed studies
on the pathobiology of HPAI H5N1 and their capacity to
transmit the virus to conspeciﬁcs of other species would
shed more light on their capacity to transmit the virus over
long-distances. Despite these uncertainties, given that some
species of experimentally infected wild waterfowls do not
become symptomatic, or are asymptomatic for days (3–
7 days) before becoming symptomatic, one cannot exclude
that exposed wild birds of less susceptible species could
make long migratory movements of hundreds to thousands
of kilometers (Gaidet et al., 2010). Furthermore, the indi-
vidual ability to perform long-distance migration may be
less critical to virus spread when large numbers of water-
fowl are migrating along the same route and may infect
each other in a series of infection cycles. Finally, recent
information suggests that exposure to low pathogenic avian
inﬂuenza viruses provides possible resistance to HPAI
H5N1, making migration more easily feasible for infected
birds (Kalthoff et al., 2008). We conclude that all three
conditions could have been met in spring 2009 to support
introduction of HPAI H5N1 to the Qinghai Lake region by
migratory waterfowl from a region of high HPAI H5N1 risk
in domestic poultry in South Asia. This link between HPAI
H5N1 viruses circulating in South Asia, Qinghai Lake area
of China, Mongolia, and Russia, (Fig. 2a, Table S3) is
consistent with phylogenetic studies that report a high
homology between HPAI H5N1 isolates found in northeast
India in 2007 and viruses isolated from wild waterfowl in
Russia, China, and Mongolia (Wallace et al., 2007; Mishra
et al., 2009).
Our study highlights the potential for integrating HPAI
H5N1 risk modeling with wild waterfowl migration ecology
data to map and track (and potentially forecast) hot-spots,
introduction, persistence, and spread of HPAI H5N1 along
the Asian ﬂyways. In this study, we failed to integrate the
temporal dimension in the HPAI H5N1 risk modeling and
this limits the applicability of this type of model for
establishing areas and time at risk of HPAI H5N1 infection.
For example, we found that a Ruddy Shelduck spent several
weeks in an area at risk, but in the absence of an explicit
reference to time in the model, it is only because it stayed at
<20 km from a documented concurrent HPAI H5N1
outbreak that we could consider that it was at high risk of
infection. Future research would hence gain from the
development of space–time statistical models that could
generate not only ‘‘hot-spots’’ but also ‘‘hot-times’’ pre-
dictions to be matched against wild bird space–time data.
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